INTRODUCTION
Microstrip ring resonator circuits are used in many microwave devices, including oscillators, filters, couplers, mixers, and antennas. They are also frequently utilized as test vehicles for material property characterization, particularly for the determination of the dielectric constant of thin-film substrates at microwave frequencies. The characterization method is based on the relationship between the resonance frew x quency and the so-called effective dielectric constant 1, 2 . The dielectric constant of the material is determined from the knowledge of the effective dielectric constant using approximate closed-form expressions that are derived by analyzing microstrip lines using the conformal mapping technique w x in the context of the quasi-TEM approximation 3᎐6 . These expressions have limited validity; therefore, attempts have been made to develop more sophisticated field analyses to describe the microwave performance of ring resonators, and w x improved accuracy has been obtained 7᎐11 . Nonetheless, problems still persist in some of these improved models: the w x ''magnetic wall model'' 8 does not account for the fringing w x fields; the ''planar waveguide model'' 9 uses an artificial assumption of a frequency-dependent width for parallel conducting plates. The more rigorous solution based on the variational principle and the ''reaction concept'' of electrow x magnetic theory 10 fails to include the higher order modes. w x The transmission-line analysis 11 , on the other hand, makes a number of assumptions, which are not valid when the circuit model does not accurately represent the ring and coupling gap of the resonator.
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In this paper, we report the results of simulating the microwave responses of ring resonators using the finite-Ž . w x difference time-domain FDTD method 12 . The FDTD method provides a full-wave, time-dependent solution of the Maxwell's equations in 3 D, without making lumped-element approximations of the circuit, or using artifices to model the process of wave propagation. Thus, it enables us to incorporate the real geometrical and material parameters of the object under study into the FDTD simulations.
Misra and Chowdhury have used the FDTD method to w x simulate microstrip ring resonators 13 ; however, their focus Ž is to derive the input impedance equivalently, the voltage . standing-wave ratio of a concentric microstrip ring antenna. Our objective here is to simulate the scattering parameters of microstrip ring resonators in order to assess the feasibility as well as suitability of the FDTD simulation method for material characterization.
Ring resonators, with and without slits in the coupling zones, of both edge-and side-coupled types, are simulated for the case of infinitely thin strip conductors, as well as for conductors of finite thickness. The effects of magnetic and electric field coupling mechanisms on the resonance are investigated, and the occurrence of resonance peak splitting is demonstrated via the S-parameter simulation. Finally, we show that, by fitting the simulation results to the experimental data, we can derive the dielectric properties of the substrate at microwave frequencies. Figure 1 depicts the microstrip resonator circuits under study.
SIMULATION PROCEDURE
Ž . The design shown in Figure 1 a models the experimental configuration, and the other three types in Figure 1 are simulated without experimental comparison. The dimensions of the silver ring and the feedline strips deposited on the substrate were 0.25 mm. wide and 0.01 mm thick, and the outside diameter of the ring was 10 mm, the coupling gaps were 0.125 mm wide, and the thickness of the dielectric substrate was 0.625 mm. In the simulation, the dielectric constant for the alumina substrate was initially assumed to be w x 8.9 14 . However, a value of 9.3 was found to provide a much better fit between the simulation results and the experimental data.
Ž . Figure 1 Geometries of ring resonators. a Edge-coupled ring Ž . Ž . resonator. b Edge-coupled square resonator. c Edge-coupled ring Ž . resonator with slits. d Side-coupled ring resonator w Ž .x A square ring design Fig. 1 b was used, as a convenient and first approximation of the circular ring, to assess the feasibility of the FDTD method for microstrip resonator simulations. Staircasing approximations of the circular ring Ž . Ž using 20 strips coarse approximation and 102 strips fine . approximation are shown in Figure 2 . The latter was found to work sufficiently well for our study, which did not introduce undesirable distortions in the computed resonance characteristics. Therefore, the 102-strip discretization was used in all subsequent simulations of the circuits depicted in Fig-Ž . Ž . Ž . ure 1 a ᎐ d . The design shown in Figure 1 c was studied to estimate the effect of the slits introduced in the ring elec-Ž . trode. Figure 1 d was investigated to determine the coupling effects.
Ž . Figure 2 a Coarse staircasing approximation of a ring structure Ž . using 20 strips. b Fine staircasing approximation of a ring structure Ž . using 102 strips. Both approximations occupy a grid space of 80 = 80 cells
We have used a computational domain of 120 = 15 = 204 cells, which was chosen to provide a sufficiently large separation between the resonator and the mesh boundary. The cell size was chosen to equal to the width of the coupling gap, i.e., 0.125 mm, and the time step was set to be 0.238322 ps in w x accordance with the Courant condition 12 . Mur's absorbing w x boundary conditions 15 were applied at the top, side, and end surfaces of the mesh, while the bottom surface was chosen to be perfectly conducting as the ground plane. A Gaussian-shaped electric field pulse, with its field vector perpendicular to the ground and strip planes, was used to excite the feedline on the left side of the resonator. The bandwidth of the Gaussian-shaped excitation pulse was chosen to be 10 GHz, unless indicated otherwise. The excitation pulse was applied at a point 0.625 mm from the left end of the 7.5 mm long feedline. In order to avoid the introduction of distortions in the incident signal, the distance between the source and the resonator has to be sufficiently large.
From the ratio of the computed transmitted voltage signal to the incident voltage, which was found by removing the ring and extending the microstrip line up to the far absorbing Ž . Ž . wall, the S s V f rV f parameter was obtained, where incident and transmitted voltages, respectively. Figure 3 illustrates the simulated current transients in the input feedline of a square resonator, and a comparison with the current in an extended microstrip line without the coupled resonator, i.e., the incident current. As seen from the figure, the transient response of the resonant structure exhibits late time oscillations, in contrast to a clean pulse signal that is obtained in an extended microstrip line. Such a long-tailed response can introduce truncation problems in the fast Fourier transform procedure unless a sufficiently w x long simulation time is used 16 . Figure 4 demonstrates the influence of the width of the < < simulation time window on the S value calculated from the 21 square resonator design. The two curves plotted correspond to truncation windows of 3000 and 16,384 time steps, respectively. We observed that the calculated resonance frequencies Ž were not influenced strongly by the window width i.e., by the . number of time steps used in the simulation ; however, the < < shape of the S spectrum was found to depend strongly on 21 the number of simulation time steps. We found that the simulation results converged at 16,384 time steps. 
RESULTS
In order to suppress higher order modes, a Gaussian current pulse with a bandwidth of 3 GHz was employed as the excitation signal for the simulation of current distributions in an edge-coupled ring resonator. It was found that the current distribution is symmetric with respect to the feedline axis, and has an approximate form of a half-wavelength standing wave that is established in the two halves of the ring. The observed symmetry of the current flow prompted us to evaluw ate the effects of slits in the coupling zones of the ring see Ž .x Fig. 1 c . In order to ensure that a resonator with two slits still has a good coupling, we changed the shape of the feedline at the coupled ends to a T-type. The simulation results in Figure 6 show that the electric currents in the resonator with slits have a higher magnitude and the same < < Ž Figure 5 S versus frequency for a square resonator dashed 21 . Ž . curve and a ring resonator computed using coarse dotted curve Ž . and fine solid curve staircasing approximations, respectively w Ž .
Ž .x Figure 6 Current versus time at points A and B Fig. 1 a and c Ž . Ž of ring resonators without slits solid curve and with slits dashed . curve , respectively flow direction and oscillation frequency as that of the ring < < resonators without slits. For the resonator with slits, the S 21 spectrum is very similar to that of the ring resonator without Ž . slits, although the Q-factor becomes worse Fig. 7 . Gopalakw x < < rishnan and Chang 17 have measured the S spectrum for 21 edge-coupled resonators with and without slits, and also did not find any significant change. In other words, these slits, Ž . located as shown in Figure 1 c , do not impede the propagation of the electromagnetic waves. It should be noted that the design with slits is very attractive for optoelectronic applications because the slits can be used for optical excitation and electronic tuning or switching.
In order to study the effect of the coupling on the resonator response, we calculated the ring design shown in Ž . Figure 1 a for two metal strips of different thickness. In one case, the strips were infinitely thinᎏa commonly used approximation in microwave circuit modeling, and for the other case, the thickness of metal strips was set be one cell size.
< < The results of S simulations are given in Figure 8 . For the 21 < < first case, the resonance peaks in the S spectrum showed 21 splitting, with the first peak having the most separation, and the splitting becomes smaller for higher. frequency modes. The peaks corresponding to the magnetic coupling are too The simulation results presented above agree with the w x experimental observations of Lu and Ferendeci 18, 19 insofar as the first resonance peak splitting is concerned for a side-coupled ring resonator with small coupling gaps. They identified the two sets of peaks with the simultaneous generation of two types of resonant modes by magnetic field coupling and electric field coupling. The values of the coupling coefficients for the two types of modes, as estimated via the w x transmission-line theory 19 , appeared to be comparable to the side-coupled resonators with small coupling gaps.
For the case of the edge-coupled resonator, it appears that the thick conductor mainly provides the electric field coupling owing to the relatively large capacitance of the gaps, while the infinitely thin microstrip approximation leads to a decrease of the electric field coupling, but not the magnetic field coupling. As a result, for the case of infinitely thin metal strips, the coupling becomes similar to that described by Lu w x and Ferendeci 18, 19 , and consequently, leads to the appearance of the two sets of modes.
In order to confirm that our simulations indeed predicted the two types of coupling mechanisms observed by Lu and w x Ferendeci 19 , we also modeled the side-coupled ring res-Ž . onator as shown in Figure 1 d . The coupling gap and the metal layer thickness were both set to be equal to one cell size for enhancing the electric field coupling. In a sidecoupled resonator, however, the magnetic field coupling is expected to be dominant, as observed by Lu and Ferendeci w x 19 , even for gaps as small as 0.05 mm. Figure 9 shows the < < simulation results of the first resonance mode of S for a 21 side-coupled ring resonator and a comparison with that for < < an edge-coupled resonator. As expected, the peak of the S 21 spectrum for the side-coupled ring resonator showed splitting, and also had a relatively larger magnitude.
Varying the thickness of the metal layer or the width of the coupling gap offers us two options for changing the strength of the two coupling mechanisms. The splitting of the resonance modes, caused by the enhancement or weakening of one of the coupling mechanisms, may find applications in double-tuned microwave filters.
Next, we turn to the discussion of determining the dielectric constant by fitting the FDTD simulation results to the < < Figure 9 S peaks of the first resonance modes for the edge-cou-21 Ž . Ž . pled dashed curve and side-coupled solid curve ring resonators, respectively. The thickness of the conducting strips was 0.125 mm experimental data. Toward this end, we performed the simulations using the following dielectric constant values: 8.7, 8.9, 9.1, and 9.3. The best fitting to the measured results was achieved when the dielectric constant is equal to 9.3. This value for alumina is 4.5% larger than the value obtained from w x < < the tables given in 14 . A comparison of the simulated S 21 spectrum using a dielectric constant value of 9.3 with the experimental data is shown in Figure 10 for a ring resonator with parameters given in Section 2. Good agreement between the simulations and the measurements has been obtained. A most encouraging finding is that we could determine the dielectric constant of the substrate accurately by fitting the FDTD simulation results of ring resonators to experimental data by adjusting the dielectric constant.
It should be mentioned that we did not account for the dielectric loss in the simulations when a pulse excitation Ž . a broadband signal was used. To account for the dielectric loss, simulations must be performed for each frequency with a frequency-dependent loss factor.
CONCLUSIONS
We have used FDTD simulation to study the response of microstrip ring resonators. It was found that the fine staircas- ing approximation of the ring structures was appropriate. Our simulation results showed that slits could be introduced to the ring structures without distorting the frequency response of the resonator. We also found two sets of resonance peaks which can be understood as being due to the existence of two different coupling mechanisms: one through the electric field, and the other through the magnetic field. For infinitely thin conductors, the two sets of peaks could be observed for both edge-and side-coupled ring resonators. It was also demonstrated that one could accurately determine the dielectric constant of the substrate by fitting the FDTD simulation results of a ring resonator response to the experimentally observed S -parameter spectrum.
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INTRODUCTION
As the demand for wireless personal communications increases, so does the need for accurate propagation channel models in complex environments. In this work, we carry out a study to characterize the urban propagation channel by using ray tracing. We consider a ray tracer based on the shooting Ž . w x and bouncing ray SBR technique 1᎐3 . The particular scenario addressed has a base-station antenna height below the level of the average urban building, and falls into the microcell category. Propagation characteristics such as slowfade and fast-fade distributions are examined and compared to measurement results for the downtown area of Austin, TX. The application of the simulation is demonstrated by carrying out spatial and polarization diversity studies. This paper is organized as follows. In Section 2, we describe the simulation methodology, and present results of the urban channel characteristics simulated using the SBR-based w x code CPATCH 3 on a CAD model of downtown Austin, TX. In Section 3, the simulation results are compared against measurement data. Both the slow-fade and fast-fade characteristics are examined. In Section 4, an antenna diversity study is carried out using the simulator. Spatial diversity and polarization diversity schemes are investigated to determine the diversity gains of the different scenarios.
RAY-TRACING SIMULATION
The SBR-based code CPATCH is used to carry out urban channel simulation. CPATCH is designed for the calculation of antenna coupling in complex environments. It performs these calculations by shooting a dense grid of geometric optic rays from the transmitting antenna, and tracing the rays as they multiply reflect among the surfaces of a CAD description of the environment. After the ray tracing is carried out, the received signal at the receiving antenna is computed by 
